Nanoscale constituents in bulk materials can promote enhanced boundary-scattering in the transport of phonons as well as electrons, which is considered a key design factor for enhancing thermoelectric properties. Here, we demonstrate a method for synthesizing zinc oxide bulk materials from nanoparticles without significant grain growth by means of pressure-induced deformation at 200°C. This allows us to comprehensively analyze the grain size dependence of thermoelectric properties in the nanoscale range above 30 nm, the size of a nanoparticle. Grain size was found to largely influence thermal conductivity as well as electrical conductivity. The observed thermal conductivity agreed with the Callaway model, indicating that enhanced phonon boundary-scattering was responsible for the variation. On the contrary, Seebeck coefficient was mostly governed by effective mass and carrier concentration, and was independent of the grain size. The dimensionless figure of merit systematically increased with grain size, which challenged the effect of nanograin on this system.
I. INTRODUCTION
Based on the design concepts for thermoelectric materials, 1 low dimensionality is the key to surpassing the properties of conventional materials. In thermoelectric applications, low thermal conductivity and high Seebeck coefficient along with high electrical conductivity are required for enhanced energy conversion efficiency. The two dominant concepts in low dimensionality for improving the thermoelectric properties are ͑a͒ quantum confinement by the introduction of nanoscale constituents and ͑b͒ enhanced phonon scattering by the interfacial surfaces in nanostructures. The former contributes to a high Seebeck coefficient with a certain carrier concentration while the latter reduces the thermal conductivity. These concepts are demonstrated in the twodimensional quantum wells of PbTe/ Pb 1−x Eu x Te, 2 Si/Ge, 3 Bi 2 Sb 3 / Sb 2 Te 3 , 4 PbSeTe/PbTe, 5 SrTiO 3 / SrTi 0.8 Nb 0.2 O 3 , 6 nanowires of Si, 7, 8 etc. Due to the technological importance of an energy-harvesting device that converts waste heat from fossil-fuel combustion into useful electric energy, the enhancement of thermoelectric properties by applying such concepts for practical bulk materials is highly demanded.
Sintering of nanoparticles offers a promising route to the synthesis of bulk samples with nanoscale constituents. Successful results of the sintering route have been reported for alloys such as Si 0.8 Ge 0.2 ͑Ref. 1͒ and BiSbTe. 9 In the nanostructured bulk materials that have been tested, reduction in thermal conductivity has proven to be a primary effect of the enhancement in thermoelectric properties. It is noted that nanoparticles of 5-10 nm are retained in the bulk materials, 1,9 suggesting enhanced phonon scattering by such nanoscale constituents.
Oxide thermoelectric materials are promising candidates for operation in high temperature conditions. Nontoxic components and abundant natural resources in place of heavy-metal alloys are additional advantages of their practical applications. Moreover, their distinctive carrier-transport [10] [11] [12] properties and variety of nanoforms [13] [14] [15] offer a new strategy for nanostructuring as seen in the nanoblock integration concept. 16 Although oxides possess the above-mentioned desirable characteristics, their thermal conductivity tends to be higher than that of heavy-metal alloys, which stems from higher phonon frequency due to ionic bonding and lighter atomic mass. This is the primary motivation for introducing nanoscale constituents into oxide bulk materials.
In practical terms, the diffusion coefficient of oxides is lower than that of metals, resulting in smaller grain size in conventional bulk materials. In addition, nanoparticles of various oxides are already commercialized. Thus, the synthesis of nanostructures in oxides is regarded as a rational process. In fact, a grain size of 60 nm in Y 2 O 3 has been achieved via a well-controlled firing schedule that suppresses grain growth during the final-stage sintering, although the grain size is 4-6 times larger than the starting nanoparticles. 17 On the contrary, the size of nanoparticles is almost retained in a bulk of metallic alloys 1,9 as mentioned earlier, which is chiefly due to densification via plastic flow induced by external pressure at a relatively low temperature where grain growth is inactive. Since oxides have limited slip planes and high yield stress, it was earlier believed that a high temperature was required to achieve densification by this mechanism that causes inevitable grain growth during bulk synthesis. However, several nanoparticles show evidence of diffusion at low temperatures such as 200-300°C. 18 If adequate pressure is applied at this tem-perature range, diffusion creep could be induced, which might lead to densification via plastic flow and the resulting nanostructuring.
Here, we demonstrate the possibility of bulk synthesis of nanostructured ZnO by means of plastic flow induced by external pressure at low temperature and report how such enormous number of grain boundary influence the transport properties.
II. EXPERIMENTAL METHODS
Commercially available Ga-doped ZnO ͑Pazet GK40, Hakusui Tech. Co., Ltd.͒, x-ray diffraction ͑XRD͒ crystalline size of 24 nm and specific surface area of 44 m 2 / g, was used as the starting raw material. The doping amount of nanoparticles was confirmed as 0.26 at. % by inductively coupled plasma spectrometry. We examined the carrier concentration independently for various doping amounts in this system 19 and the present doping amount accounted for the carrier concentration of 6 ϫ 10 19 cm −3 . Sintering was carried out by pulsed electric current sintering ͑SPS-511S, SPS Syntex Inc.͒ under vacuum ͑Ͻ10 −1 Pa͒ atmosphere. A heating rate of 50 K/min, holding time of 5 min and furnace cooling were adopted. Maximum uniaxial pressure was applied during the temperature holding. The pressure of 500 MPa was achieved by using a mold of tungsten carbide. The samples were subsequently annealed in vacuum of ϳ1 Pa for 1 h at 500°C to release residual stress. Before the annealing, the Seebeck coefficient was higher than presently reported and electrical conductivity was quite low. In addition, their temperature dependence showed complex traits. 20 Shrinkage behavior was evaluated by thermomechanical analysis ͑TMA; TD5200SA, Bruker AXS K.K.͒. Grain size was evaluated from full width at half maximum ͑FWHM͒ of XRD peaks, and for grains exceeding 100 nm, field emission scanning electron microscopy ͑S-4300, Hitachi͒ observation was carried out for fractured surfaces. The microstructure was observed by transmission electron microscopy ͑TEM; 3000F, JEOL͒. TEM foils were prepared using the standard technique for thin ceramic foils: cutting, grinding, dimpling, and Ar-ion thinning. Energy-dispersive x-ray spectroscopy ͑EDS; Voyager III, NORAN Instruments Inc.͒ was used for elemental analyses of the grain boundaries. Thermal diffusivity was measured by the laser flash method ͑TC7000, ULVAC-Riko Inc.͒ and specific heat was evaluated by differential scanning calorimetry ͑SSC5200, Seiko Instruments Inc.͒. Density was measured by the Archimedes method. Seebeck coefficient and resistivity were measured by the static dc method and the four-probe method respectively ͑ZEM-1, ULVAC-Riko Inc.͒.
III. RESULTS AND DISCUSSION

A. Synthesis of nanograined ZnO
Prior to the bulk synthesis, we first observed the temperature of active diffusion, i.e., sintering, by TMA. Gadoped ZnO nanoparticles ͑27 nm in diameter͒ were drypressed and shrinkage was monitored. The results showed two distinctive peaks in the rate, as shown in Fig. 1͑a͒ . The highest peak, at ϳ800°C, was responsible for the densification of the nanoparticles in conventional sintering. This peak is strongly related to the diffusion mechanism as well as to the evolution of microstructuring. 17 More importantly, the high rate of the peak indicates active diffusion among the nanoparticles, causing particle growth and eventual collapse of the nanostructure. Therefore, the onset temperature of this highest peak is the practical limit for the synthesis of nanostructured bulk, and we applied external pressure below this temperature. The progress of densification as a function of external pressure is shown in Fig. 1͑b͒ , which indicates monotonous increase in relative density with pressure. If we assume densification via plastic flow, the criterion for densification is expressed as
where, P is external pressure, y is yield stress, r is radius of nanoparticle, a is area of one particle contact, N is average number of contact neighbors per particle, and / th is relative density. 21 Densification via plastic flow proceeds until the left term is equivalent to the right term. If it is assumed that the volume overlapping at the particle contact is deposited evenly across the noncontacting surface of each particle, then aN can be correlated with the relative density as follows:
where, o / th is the relative density at the start of pressing ͑0.5 for the present study͒. From the equations, the density and the pressure can be expressed as a function of y . The solid line in Fig. 1͑b͒ is the fitted line based on the equations, in which y of 73 MPa was optimized. However, this optimized value appears to be lower than the yield stress of the basal slip plane at this temperature range, 22 suggesting that the electric current sintering employed in the present process induced local heating at the particle contact. Nevertheless, its crystalline size was mostly identical to the size of the starting nanoparticles after the sintering process, as shown in Fig.  1͑c͒ . Further increase in process temperature resulted in grain growth without significant densification. In terms of nanostructure stability at high temperature, we annealed the bulk samples and confirmed that grain growth was suppressed up to 600°C, which was identical to the onset temperature of rapid densification observed by TMA ͓Fig. 1͑d͔͒. Figure 2 shows images obtained by TEM. As can be seen in Figs. 2͑a͒ and 2͑b͒ , the crystalline size was retained through the bulk synthesis, which corresponds to the results of XRD. It is obvious that the starting nanoparticles were well-crystallized and their surface was not covered with amorphous phase; therefore, densification at the low temperature originated in the intrinsic deformation behavior of ZnO. In addition, segregation such as that of the dopant at the grain boundary may also have influenced the sintering behavior; so we examined this through EDS at both the grain interior and the grain boundaries. The results showed that there was no significant difference between the analyzed regions, indicating a chemically homogeneous sample within the range of EDS analysis ͓Fig. 2͑c͔͒. The absence of secondary phase at the grain boundary according to highresolution TEM images also supported the high homogeneity of the sample ͓Fig. 2͑d͔͒.
B. Transport properties
Such numerous boundaries should explicitly influence the transport properties such as thermal conductivity. The   FIG. 1 . ͑Color online͒ Evolution of density and grain size via heating and/or pressing. Shrinkage, , and its rate, d / dt, of ZnO nanoparticles of 28 nm during heating without external pressure ͑a͒, relative density, / th , as a function of external pressure, P, at 200°C ͑b͒, FWHM, of 002 diffraction and relative density with respect to heating temperature under a pressure of 500 MPa ͑c͒, and increase in grain size, d, in densified samples at different annealing temperatures ͑d͒. These results indicate that nanoparticles of ZnO densified at surprisingly low temperatures with the assistance of 500 MPa external pressure and the nanoparticle size was retained in the densified samples. Furthermore, the obtained nanograins show no apparent growth up to 600°C.
FIG. 2.
͑Color online͒ TEM images of nanograined bulk ZnO. Starting nanoparticles ͑a͒, densified bulk ͑b͒, EDS analysis at grain interior and grain boundary ͑c͒, and high-resolution image of densified bulk ͑d͒. All of the images indicate chemically homogeneous and wellcrystallized samples of the synthesized nanograined bulk.
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influence of the boundary on thermal conductivity by phonon scattering is formulated by Callaway as follows:
where T is absolute temperature, D is Debye temperature, v is phonon velocity, L is characteristic length of material, is circular frequency, k B is Boltzmann constant and ប is Planck constant. 2 is a correction due to the conservative nature of the N process and is generally ignored in numerical calculations. In this equation, three scattering processes are considered as expressed by three terms in the denominator: ͑i͒ impurity scattering, in which relaxation time is proportional to −4 and is independent of temperature, ͑ii͒ three-phonon scattering, in which relaxation time is proportional to ͑ 2 T 3 ͒ −1 , and ͑iii͒ boundary-scattering, expressed as L / v. In the present case, L would be represented by the grain size. Normally, the boundary-scattering is dominant only at low temperatures typically below ϳ10 K, and both the impurity and the three-phonon scattering mostly govern the thermal conductivity above room temperature. The impact of boundary-scattering in ZnO is shown in Fig. 3 . It is clear that the reduction in grain size led to thermal conductivity lower than that of conventionally prepared ceramics ͑ϳ30 W / mK͒ ͑Refs. 24-26͒ ͓Fig. 3͑a͔͒. In addition, the thermal conductivity of the single crystal is naturally high and exceeds 100 W/mK, 27 so the thermal conductivity was reduced by less than one-tenth by the boundary-scattering. As for the temperature dependence of thermal conductivity, smaller the grain size, lower the dependence, which also supports the dominant influence of boundary-scattering in nanograined ZnO. To confirm the boundary-scattering effect quantitatively, we fitted the Callaway model to the observed thermal conductivities, in which the electron contribution was negligible according to the Wiedemann-Franz law. For conventionally prepared ceramics, D of 400 K, 28 v of 3.4 ϫ 10 3 m / s, 29 L of 20 m were known experimentally, and ␣ and ͑␤ 1 + ␤ 2 ͒ were numerically optimized as 5.0 ϫ 10 2 K −4 s −1 and 1.1ϫ 10 −2 K −5 s −1 , respectively. Then L was varied based on the observed grain size, while the other parameters were fixed. Corresponding to the optimized values, the phonon mean free paths for each scattering are estimated to be 4 nm and 300 nm ͑at 300 K͒ for impurity scattering and three-phonon scattering, respectively. The former value corresponds well to n −1/3 ͑n: carrier concentration͒, suggesting that the dopant acts as the scattering center. The lines in Fig. 3 indicate the prediction based on the Callaway model, which shows reasonable agreement with the experimental data. Therefore, we can conclude that the effect of nanostructuring on thermal conductivity is principally due to the boundary-scattering.
The boundary influence on electric transport is summarized in Fig. 4 . As with the Seebeck coefficient, mostly identical values were observed among the samples. This fact indicates lesser effect of boundary-scattering on the Seebeck coefficient. Theoretically, the Seebeck coefficient can be estimated based on the Boltzmann equation as follows:
where e is the elementary electric charge, r is scattering parameter, F r ͑͒ is Fermi-Dirac integral and is Fermi energy. The Fermi-Dirac integral is expressed as
Based on the experimentally known n and effective mass ͑m ‫ء‬ ͒, we fixed to satisfy the relationship as follows:
The lines in the figure show the theoretical prediction based on the above equations for r =1/ 2 or 0, where m ‫ء‬ / m e of 0.28 ͑Ref. 30͒ and n of 6 ϫ 10 19 cm −3 were adopted. The r =0 corresponds to acoustic phonon scattering, which is dominant at high temperatures, while r =1/ 2 is responsible for neutral impurity scattering. 31 It can be seen that the observed Seebeck coefficient is in the range of r = 0 to 1/2, indicating that carrier concentration and effective mass reasonably determine the Seebeck coefficient in the nanograined ZnO.
Although the influence of boundary-scattering was not significant in the Seebeck coefficient, the electrical conductivity showed dependence on grain size: smaller the size, lower the electrical conductivity. For a size of 20 m, the electrical conductivity decreased with temperature, indicating a degenerate semiconductor at this doping level. However, this temperature dependence gradually changed with FIG. 3 . ͑Color online͒ Influence of boundary-scattering on thermal conductivity, . The dependence of at room temperature on the grain size ͑a͒ and the temperature dependence of for different grain size, d ͑b͒. Solid lines indicate prediction based on the Callaway model in which the effect of boundary-scattering was taken into account. In addition, the phonon contribution governs this data due to the low electrical conductivity of samples.
decrease in grain size and thermally activated conduction became significant for smaller grains. This is most likely due to the potential barrier at the grain boundary.
In addition, several models for improving the power factor, S 2 , by nanostructuring are proposed, such as an energy filtering effect, 32 which is often quoted as a reason for the increase in Seebeck coefficient in nanostructured bulk materials. 1, 9 This energy filtering effect is connected to a potential barrier that forms at the interface in semiconductors. In cases where the height of the barrier is close to the Fermi level, the low-energy carrier is screened out by the barrier depending on its energy, which gives rise to the increase in Seebeck coefficient with moderate reduction in electrical conductivity. Assuming that the potential barrier caused the difference in the activation energies of electrical conductivities between large grain and nanograin samples, we estimated the height based on Arrhenius plot of conductivity. As a result, the height of 30 nm grained ZnO was 41 mV higher than that of 20 m grained ZnO. This barrier height is enough to increase the Seebeck coefficient according to the theory of energy filtering. In addition, the distance between barriers is also fundamental because restoration of electron distribution function due to inelastic collisions occurs when the distance reaches a certain length ͑l e ͒. Estimated l e based on hot electron theory 33 was 3000-4000 times larger than the electron mean free path. Taking account of the mean free path of several nanometers of the sample, energy filtering is expected to occur, which contradicts the observed results. Further consideration of the energy filtering effect is required.
The dimensionless figure of merit ͑ZT͒, which is given by S 2 −1 T, is summarized in Fig. 4͑d͒ . The trend clearly shows an increase in ZT with grain size, especially at high temperatures. At high temperatures, phonon scattering mostly dominates the transport, which hides the effect of boundary-scattering. Thus, the effect of nanostructuring relatively diminishes with temperature. The unfavorable trend of nanograins is that the reduction in thermal conductivity is overcompensated by the reduction in electrical conductivity. No enhancement in Seebeck coefficient is another reason for the low ZT, which poses a question about the potential barrier effect in this system.
IV. SUMMARY
A bulk process for a nanograined oxide has been demonstrated. This process effectively densifies nanoparticles without grain growth, which provides the opportunity to analyze the effects of nanostructuring in the thermoelectric bulk material comprehensively. Significant reduction in thermal conductivity was realized via nanograin in ZnO, which was well explained by the Callaway model, indicating that enhanced boundary-scattering dominates the thermal conductivity in nanograined ZnO. On the contrary, the Seebeck coefficient was insensitive to the nanostructure, and was governed by effective mass and carrier concentration as seen in conventional thermoelectric materials. Since the boundary-scattering also reduced the electric conductivity, overcompensating for the reduced thermal conductivity, ZT of the nanograined bulk was found to be moderate. Nevertheless, the present process offers a rational experimental approach for the discovery of high ZT bulk materials with nanostructuring, especially for oxides, which may contribute to effective energy utilization in the future. 4 . ͑Color online͒ Electron transport and dimensionless figure of merit for different grain size. Seebeck coefficient, S, ͑a͒, electrical conductivity, , ͑b͒, dependence of on the grain size, d, at room temperature ͑c͒, and dimensionless figure of merit, ZT, ͑d͒. ZT was gradually reduced with smaller grain size, which originated from stronger electron scattering at the grain boundary compared with phonon scattering, while the Seebeck coefficient was insensitive to the boundary.
